would remain unrepaired, thereby increasing the chance of translocation. This interpretation would be equivalent to the impression that NHEJ suppresses translocations, but it might be stated slightly differently as "NHEJ reduces the temporal opportunity for translocations by reducing the time window during which two DSBs concurrently exist."
Both studies show once again that translocations can occur when one or more key NHEJ components are missing, verifying that some form of end joining can occur even under such adverse circumstances (Fig. 1) . This form of end joining has been given several designations in eukaryotes: alternative NHEJ (or simply alternative EJ), backup NHEJ and microhomology-mediated NHEJ [4] [5] [6] [7] . However, there is little certainty about which enzymes participate in these end-joining events, and the relative kinetics of NHEJ versus any of these alternative end-joining pathways is also a subject for continuing investigation. The earliest time points for end-joining assays (~24 h) in cells lacking ligase IV suggest that alternative pathways are about 10× slower suppresses chromosomal translocations. In addition to this direct interpretation, another possibility arises out of the fact that the two DSBs on the two different chromosomes do not usually occur at the same time (except in the less common case of off-target V(D)J recombination, where the two sites are enzymatically paired) 1 . For most translocations, the DSB at one location has a high probability of being rejoined to restore the original chromosomal configuration before a DSB is created at any other location. That is, only rarely are the two DSBs generated concurrently and with sufficient longevity to exist within the same time window. If the rejoining of either DSB is slowed, this widens the time window before closure, thereby increasing the chance that both DSBs will be open at the same time and increasing the chance of a translocation. Hence, the increase in translocation frequency when NHEJ is inefficient due to a missing or mutant component may reflect increased encounters of concurrent DSBs. In short, slowed NHEJ would be expected to increase the time of overlap during which two breaks promoted by the SMN complex, which binds to both Sm proteins and the snRNAs and thereby facilitates their interaction 13 . Moreover, at least in vitro, the SMN complex is necessary to limit the promiscuous association of the Sm proteins with incorrect RNAs. A reasonable expectation is that the concentration of factors into subcellular bodies will also have a similar role in enhancing the specificity of various cellular processes. In this case, one specific prediction of this possibility is that, in the absence of coilin, snRNP proteins might show more promiscuous interactions with noncognate RNAs.
One broader implication of this work is that other RNA-protein aggregates may also function to increase the rate of assembly of various complexes. For example, stress granules have been proposed to promote the interaction of translational initiation factors with mRNAs 14 , although no data supports this model to date. Moreover, the work of Strzelecka and colleagues 9 also suggests that the role of cellular bodies in promoting the rate or specificity of individual interaction reactions may only be revealed when the step affected is rate limiting for the process being examined. For example, Cajal bodies may be required for zebrafish embryogenesis because of the requirement for rapid assembly or maturation of large amounts of new snRNPs during early development.
In closing, one has to anticipate that the formation of cellular subdomains, from RNAprotein aggregates to signaling complexes, to promote the rate and specificity of reactions will become increasingly recognized as a common cellular strategy. For example, recent work suggested that approximately 200 of 800 yeast proteins form some type of cellular body in quiescent cells 15 . Thus, an important area of work will be to use the modern tools of molecular and cellular biology to understand the diversity, dynamics and function of these different subcellular compartments.
NHEJ and its backup pathways in chromosomal translocations

Michael R Lieber
Two recent papers break major new ground on the issues of NHEJ, backup pathways for NHEJ and how these relate to the chromosomal translocation process.
One can think of the chromosomal translocation process as consisting of two DNA double-strand breaks (DSBs) followed by a joining of the resulting four DNA ends in the new (in other words, translocated) configuration 1 . Two recent papers, one on page 410 of this issue, provide major new insights regarding the joining phase 2, 3 . Both papers use the most sophisticated approaches yet devised to determine how DNA ends are joined in chromosomal translocations.
Both studies found that chromosomal translocations are more common when nonhomologous DNA end-joining (NHEJ) proteins are missing 2, 3 . The richness of the data in these papers, which is quite well discussed within them and to which I refer the reader, drives consideration of an even wider range of mechanistic possibilities than either paper can discuss. Both studies suggest that NHEJ volume 17 number 4 April 2010 nature structural & molecular biology than NHEJ 4, 8 . In wild-type cells, the difference between NHEJ and all alternative end-joining pathways might be greater than 10-fold if the alternative 9 pathways are used only when the NHEJ pathway is mutated or missing one or more components. That is, there may be some DSB accumulation in cells missing the NHEJ pathway, and the joining of these accumulated DSBs may occur more slowly by a less efficient alternative end-joining pathway (there is a precedent for a backup NHEJ in prokaryotes, illustrating the importance of repairing DSBs throughout evolution 10, 11 ).
Despite the richness of insight from these two papers 2,3 and earlier outstanding ones from these and other groups, the field lacks details on the precise enzymatic components that function in the alternative end-joining pathways. One can consider that end joining relies on a nuclease to remove damaged DNA, a polymerase to fill it in and a ligase to join it together. There is mounting evidence that the RAD50-MRE11-NBS1 complex may function in a subset of alternative end-joining events, but the rules governing such possible participation are unclear, nor is it clear what role this complex might actually serve [12] [13] [14] [15] .
A minority opinion (held by this author) is that NHEJ might still function with substitutions for the 'first-string players' (Fig. 2) . Other nucleases might substitute for the Artemis-DNA-PKcs nuclease, and ligase I or III might substitute for ligase IV 7 . It is clear that DNA ligases I and III can substitute for XRCC4-DNA ligase IV in purified biochemical end-joining systems 9, 16 , and there is even some in vivo data supporting the role of DNA ligase III 17 . Because these are the only three ligases in mammalian cells 18 , there are only two choices for the backup ligase when DNA ligase IV is missing. Ku does not have an enzymatic function but rather serves to improve the binding affinity of the polymerases (pol µ and pol λ), the nuclease (Artemis-DNAPKcs) and the XRCC4-DNA ligase IV complex 7 . In both biochemical and in vivo systems, incompatible end joining can occur without Ku 9, 19 , but the joining is much less efficient 9 .
There are several other interesting aspects to these studies. In the paper by Simsek and Jasin 3 , the authors find junctional additions containing templated direct repeats or inverted repeats derived from either of the DNA strands (top or bottom) from any of the four DNA ends involved in the two DSBs 3 . Junctional additions containing direct or inverted repeats from the adjacent DNA ends have been seen at human chromosomal translocation junctions and are called T-nucleotides 20 . T-nucleotides are suspected to be due to pol µ or pol λ, either of which can slip on a template 21, 22 . More im portantly, Simsek and Jasin find T-nucleotides from more than one genomic location 3 . They point out that this is likely one more facet to the iterative nature of NHEJ 7 . T-nucleotides from multiple and diverse genomic locations hint that DNA ends in a chromosomal translocation may sample a large fraction of the nuclear space in search of a partner to which they can join.
The participation of pol µ may explain one other perplexing aspect of these alternative end joinings (formed in the absence of Ku, XRCC4 or DNA ligase IV). Though alternative end-joining junctions typically average ~2 nucleotides of terminal microhomology, there can be a significant subset (0-30%) of junctions that have no microhomology. Yet, joining by ligase I and III appears to rely more heavily on terminal microhomology in biochemical systems 9, 16 . Thus, how can joining by ligase I or III occur without microhomology? As mentioned by Simsek and Jasin, the TdT-like activity of pol µ may create terminal microhomology, and this polymerasegenerated microhomology would not score as microhomology (because it is equivalent to fill-in synthesis) 7 . In addition, pol µ may also have some ability to polymerize from one DNA end into another if the receiving end is a 5′ overhang 23 . Like the TdT-like additions, this polymerase-generated microhomology n e w s a n d v i e w s construction is that the flagellin subunits must incorporate a bi-stable feature of some sort that can switch the overall flagellar architecture.
The cylindrical surface lattice used in the construction of flagellar filaments was revealed many years ago by electron microscopy. Asakura 4 saw the possibility that, of the 11 near-longitudinal 'protofilaments' in the lattice (see Fig. 2a ), some might adopt an 'L' form while the remainder adopted a distinct 'R' form. A helix of given handedness, radius and pitch has distinct twist and curvature; hence, if the bi-stable L and R forms of the subunit impart slightly different twists to the tube and also have slightly different lengths, then the subunits can assemble, in principle, into a set of 12 discrete structures. Two of these are straight (either L-type, with all protofilaments L and left-handed twist, or R-type, with all protofilaments R and right-handed twist), whereas ten have distinct helical shapes, arising from combinations (nL, [11 -n] R), with n helices being in the L form and the others in the R form (where n is an integer between 1 and 10), and with their curvatures arising from the fact that the L protofilaments are a little longer than the R protofilaments.
Thus, for example, reversed rotation, as described above, would somehow cause a lefthanded helix (e.g., 9L, 2R) to switch into a right-handed one such as 5L, 6R.
Mutations that change a single residue in flagellin's polypeptide chain can also produce different helical forms 5 . In particular, strain SJW1660, in which residue Gly426 of wild-type would also not be apparent ('occult' microhomology, as some have called it 24 ).
The detailed characterization of end joinings when NHEJ has been disabled or handicapped will be critical for determining the enzymes that participate in the alternative pathway(s). The Jasin and Alt approaches 2, 3 continue to provide the experimental platforms for such important studies.
How do bacteria swim? This question has fascinated people for many years, and over time, experimentalists in many laboratories have elucidated different aspects of bacterial locomotion. The paper on page 417 of this issue 1 constitutes an important landmark in this process of improving understanding.
Bacteria such as Salmonella enterica have about six reversible rotary motors embedded in their cell walls, and each motor drives a long, left-handed helical flagellum, or propeller (Fig. 1) . Such flagella are built from many copies of the protein flagellin. That in itself is paradoxical: if the structure were built by bonding identical units to one another in a regular manner-just as in an ordinary building-the rod or tube obviously could not be curved.
In normal smooth swimming, the motors all rotate in the "forward" direction (counterclockwise when seen from outside the cell), and the flagella associate into a left-handed helical bundle 2 . But from time to time, this smooth swimming is interrupted by the cell's control system, and one or more motors switch into reverse rotation 3 . Those flagella then transform into right-handed helices at their driven ends and thrash around independently; the bacterium tumbles randomly for a short time before all motors resume forward rotation. The basic idea that is required to resolve these paradoxes of flagellin is changed to alanine, has straight filaments with left-handed twist, whereas strain SJW1655, with Ala449 changed to valine, has straight filaments with right-handed twist.
The existence of all of these possibilities, and also other ways in which essentially the same protein, flagellin, can build a family of discrete helical (and straight) forms, suggests that there must be a conserved bi-stable feature either within the flagellin molecule or at an interface between molecules, and that in addition, the molecule must be able to alter its shape slightly so as to determine which particular member of the family of different forms is to be built.
The strategy pursued by Namba and coll eagues to investigate these remarkable n e w s a n d v i e w s
